Background. Development of respiratory tract infections is determined by interactions between viruses, bacteria, and the host innate immune response. We investigated the impact of natural rhinovirus infection on nasopharyngeal bacterial colonization in infants with or without gene polymorphisms of mannose-binding lectin (MBL) and Toll-like receptors (TLRs) 3 and 4. Methods. Rhinoviruses were detected by reverse transcription-polymerase chain reaction and bacteria by culture of nasopharyngeal specimens from 2-to 3-month-old infants. Gene polymorphisms in MBL at codons 52, 54, and 57, TLR3 Leu412Phe, and TLR4 Asp299Gly were detected by pyrosequencing. Results. Of 337 infants, 61 were positive for rhinovirus and 187 were colonized by Streptococcus pneumoniae, Moraxella catarrhalis, Haemophilus influenzae, or Staphylococcus aureus. Gene polymorphisms of MBL were detected in 32%, TLR3 in 51%, and TLR4 in 18% of subjects. Presence of rhinovirus was associated with increased colonization by S pneumoniae in children with MBL polymorphisms (8 of 20 [40%] with rhinovirus, vs 9 of 87 [10%] without rhinovirus; P = .003), but not in those with wild-type MBL. In logistic regression analyses, S pneumoniae colonization associated with MBL variant (P = .035) and with the interaction between rhinovirus and MBL variant (P = .004), and M catarrhalis colonization associated with the detection of rhinovirus (P = .033). Conclusions. The association between rhinovirus infection and nasopharyngeal pneumococcal colonization in early infancy is linked to genetic variations of MBL.
Early colonization may also have long-term consequences. It is a risk factor for recurrent otitis media during the first 6 months of life and for allergic asthma in later life [2, 3, 8] .
Viral upper respiratory tract infection is often followed by secondary bacterial infection. Respiratory tract viruses may temporarily damage respiratory epithelium, impair mucosal function, induce immune suppression, or upregulate the expression of molecules that bacteria use as receptors [9] [10] [11] . Results of in vitro studies indicate that infection of respiratory epithelial cells by influenza virus, respiratory syncytial virus, or rhinovirus facilitates the adherence of S pneumoniae [12] [13] [14] [15] [16] .
Co-infections can be more severe than single viral or bacterial infections [17, 18] . Viral infection increases the incidence and severity of bacterial pneumonia [19] . A coinfection of rhinovirus and S pneumoniae is associated with severe pneumonia in adults and occurs frequently in children with community-acquired pneumonia. Viralbacterial infection has been detected in 30% to 66% of community-acquired pneumonia in children, and a coinfection by rhinovirus and S pneumoniae in 16% to 33% of cases with pneumonia [20, 21] .
The bacterial colonization of respiratory tract epithelium is controlled by the host. Respiratory tract epithelium is able to recognize different pathogens through Toll-like receptors (TLRs) that regulate the host innate immune response. Polymorphisms of TLRs are linked to an altered susceptibility to infectious diseases [22] [23] [24] . TLR4 detects lipopolysaccharide from the outer membrane of gramnegative bacteria. Reduced TLR4 gene expression is associated with airway bacterial colonization in children [25] . The gene mutation of TLR4 Asp299Gly is associated with early bacterial colonization by M catarrhalis in infants, and it is also associated with gram-negative sepsis in critically ill patients [26, 27] .
TLR3 binds to double-stranded RNA derived from respiratory viruses and activates nuclear factor-κB that can increase interferon-γ signaling to induce airway inflammation in asthma [28] . Gene polymorphisms in the tlr3 lead to decreased expression of TLR3 [29] . A recent study suggested that TLR3 Leu412Phe may be associated with bronchiolitis in early infancy and with repeated postbronchiolitis wheezing [30] .
Mannose-binding lectin (MBL) has an important role in the innate immunity [31] . MBL is a calcium-dependent lectin that activates the lectin pathway of the complement system by binding to various micro-organisms, and it is able to recognize both viruses and bacteria [32, 33] . Children with recurrent respiratory tract infections have significantly lower serum MBL levels compared with healthy controls [34, 35] . Individuals with heterozygotic polymorphisms in mbl gene have reduced serum MBL concentrations, and those with homozygotic variants, or a combination of heterozygotic polymorphisms, have nearly complete MBL deficiency [35, 36] . Koch et al. found that MBL-insufficient children had an increased risk of acute respiratory infection compared with MBL-sufficient children, with the highest risk occurring in children aged 6 through 17 months [37] . We have earlier documented an association between MBL polymorphisms and early colonization by S pneumoniae [26] .
It is known that viral infection predisposes the host to bacterial colonization and infection [19, 38] , but the reasons why some individuals develop bacterial coinfections during or after respiratory viral illnesses while others do not is unclear. In this study, we wanted to investigate the possible association between rhinovirus infection and bacterial colonization in healthy infants with or without gene polymorphisms in MBL, TLR3, or TLR4.
METHODS

Study Design and Subjects
Nine hundred and forty-nine Finnish children born in 2008-2010 participating in a birth cohort study called Steps to Children's Healthy Development and Wellbeing (STEPS) were followed up by a symptom diary, clinical visits, and microbiologic samples. The first visit to the study clinic was scheduled at the age of 2-3 months. Nasopharyngeal swabs for detection of viruses and bacteria, and blood samples for genomic DNA isolation were collected from 2-to 3-month-old infants who visited the study clinic on Mondays or Tuesdays during the period between August 2008 and June 2010. Nasopharyngeal specimens were taken by using flocked swaps (Coban, Brescia, Italy). The samples were obtained from a total of 337 infants. The study protocol was approved by the Ethics Committee of The Hospital District of Southwest Finland. Parents of participating children gave their written, informed consent.
Virology
For rhinovirus detection, nucleic acids were extracted from the specimens by NucliSense easyMag (BioMerieux, Boxtel, The Netherlands) or MagnaPure 96 (Roche) automated extractor. The nasopharyngeal swab was eluted with 1.0 or 0.5 mL of phosphate-buffered saline, of which 550 µL or 200 µL was used for the extraction by easyMag or MagnaPure 96, with an elution volume of 55 µL or 50 µL, respectively. Rhinoviruses were detected by reverse transcription and a real-time polymerase chain reaction (PCR) assay for rhino-, entero-, and respiratory syncytial virus as described earlier [39] , with the modification that proprietary dual-label probes specific for rhino-and enteroviruses were used for their differentiation.
Bacteriology
For bacterial culture, the nasopharyngeal swab was immersed in 1 mL of 0.9% NaCl, and homogenized by vortexing. The swab was removed from the transport tube, and the tube containing bacterial solution was transported within 3 hours to the laboratory. At the laboratory, 10-µL loopful of bacterial solution was plated. Altogether, four different culture plates were used: a blood agar plate containing 5% sheep blood, a heated blood agar (chocolate agar) plate, a H influenzae selective plate (a heated blood agar plate containing 300 mg/L bacitracin), and a S pneumoniae selective plate (sheep blood agar plate containing 5 mg/L colistin and 2.5 mg/L oxolinic acid). The detailed culture and bacterial identification were described in our earlier study based on the same child cohort [26] .
Genetic Polymorphism Analysis
Pyrosequencing was used for detection of gene polymorphisms in MBL structural gene at codons 52, 54, and 57, TLR3 Leu412Phe, and TLR4 Asp299Gly. The details of the methods have been reported earlier [26, 30] . Subjects who were either heterozygotes or homozygotes for the variant alleles were referred as having a variant type of MBL, TLR3, or TLR4.
Statistical Analysis
The categorical data were first examined by crosstabulation and tested with χ 2 test or Fisher's exact test as appropriate. Associations of human rhinovirus (HRV) detection and relevant background variables (sex, breastfeeding, presence of siblings, mother's smoking, and antibiotic use) on bacterial colonization were analyzed by adjusted logistic regression. In the next step, the data were stratified according to the presence of gene polymorphisms, and cross-tabulations between HRV and bacterial colonization were done in the subgroups. Thereafter, HRV, gene polymorphisms, and their interaction variables were included in adjusted logistic regression models to analyze associations with colonization by S pneumoniae, M catarrhalis, or S aureus. Statistical level of significance was set to .05 in all analyses. Statistical analyses were carried out using SPSS version 16 and SAS version 9.1.
RESULTS
A total of 337 nasopharyngeal swabs and blood samples were collected from infants aged 2 to 3 months (mean age, 77 days; SD, 9 days). Demographic data and clinical information are shown in Table 1 . By 3 months of age, 18% of infants had received antibiotics. Mild symptoms of respiratory infection (nasal congestion, rhinorrhea, or cough) were documented on the day of sampling in 53 (16%) children.
Of 337 infants, 61 (18%) were positive for rhinovirus and 187 (55%) were colonized by S pneumoniae, M catarrhalis, H influenzae, S aureus, or a combination of these bacteria (Table 2 ). More than one bacterial species was found in 38 samples (11%). S pneumoniae and M catarrhalis were the most commonly co-detected bacteria (18 cases).
As the rate of colonization by H influenzae was only 1% (3 cases), it was not included in further analyses.
Variant type of MBL was detected in 107 (32%) subjects, of whom 101 were heterozygotes and six were homozygotes or compound variant heterozygotes. Sixty (18%) infants with variant type of TLR4 included 58 heterozygotes and two homozygotes. Variant TLR3 was detected in 134 (51%) subjects, including 113 heterozygotes and 21 homozygotes. Symptoms of respiratory infection were associated with detection of HRV, S pneumoniae or M catarrhalis (Table 2) . On the contrary, S aureus colonization was less frequent in infants with symptoms. Infants with variant type or wild type MBL, TLR3 or TLR4, and infants with or without rhinovirus did not differ with respect to sex, maternal smoking, breastfeeding, the number of siblings, the use of antibiotics, or socioeconomic status (data not shown). There was no significant difference in the rate of rhinovirus detections between the children with wild type or variant MBL (18% vs 19%; P = .848), between those with wild-type or variant TLR4 (18% vs 17%; P = .750), or between those with wild type or variant TLR3 (18% vs 21%; P = .550).
Cross-tabulations between bacterial colonization and HRV detection or background variables are shown in Table 3 . No significant association was detected between HRV infection and S pneumoniae colonization. Rhinovirus-positive children were more often colonized with M catarrhalis (P = .026) and less often with S aureus (P = .046) compared with rhinovirus negative children.
Having one or more siblings was associated with colonization by S pneumoniae (P < .001) and M catarrhalis (P < .001). Other background variables were not significant regarding to bacterial colonization by the χ 2 or
Fisher's tests. In adjusted logistic regression analyses the associations between siblings and colonization by S pneumoniae (OR 14.1, 95% CI: 5.3-37.6, P < .001) or M catarrhalis (OR 5.3, 95% CI: 2.9-9.7, P < .001) remained significant, but HRV was not significantly associated with colonization by any of the studied bacteria. Next we stratified the study population according to the gene polymorphisms and analyzed the associations of HRV with bacterial colonization. In infants with wild-type MBL there was no difference in colonization rates of S pneumoniae between rhinovirus positive and rhinovirus negative subjects. On the contrary, the rates of S pneumoniae colonization were higher during rhinovirus infection than without infection in infants with MBL polymorphisms (8 of 20 [40%] with HRV, vs 9 of 87 [10%] without HRV, P = .003) (Table 4, Figure 1 ). In infants with wild type TLR4, the colonization rates of M catarrhalis were significantly higher during rhinovirus infection than without infection (P = .014) (Figure 2 ). In infants with variant type of TLR4, there was no significant difference in colonization rates of M catarrhalis between rhinovirus positive and rhinovirus negative subjects. In children with wild type TLR4, the colonization rate of S aureus was significantly lower in those with rhinovirus than in those Rhinovirus and Bacterial Colonization 243 without rhinovirus infection (P = .021). In children with wild type TLR3, the rate of M catarrhalis colonization was higher during rhinovirus infection than without infection (P = .050), and inversely, the rate of S aureus colonization was higher without rhinovirus than in those with rhinovirus infection (P = .035) (Figure 3 ). Rhinovirus infection was not associated with statistically significant differences in bacterial colonization rates in children with variant TLR3.
Finally, HRV detection, MBL polymorphism, and their interaction variable were included in an adjusted logistic regression model. Association with S pneumoniae was nonsignificant for HRV (P = .221), significant for MBL variant (P = .035), and highly significant for the interaction between HRV and MBL variant (P = .004), supporting our results of stratified data. In a similar model for M catarrhalis, detection of HRV was associated with colonization (P = .033), but MBL variant was not (P = .543), and there was no significant interaction (P = .860). TLR3 or TLR4 were not statistically significant independent risk factors for bacterial colonization in adjusted logistic regression models including HRV, gene variant, and their interaction. .260
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DISCUSSION
The reasons why some children are more prone than others to acquire bacterial infection after viral infection are unclear.
Here we showed that certain polymorphisms in the proteins of innate immune system lead to substantially different patterns of viral-bacterial interaction. In this birth cohort study, rhinovirus infection at an early age associated with nasopharyngeal carriage of S pneumoniae only in children with variant MBL gene. In these children, who comprise one third of the population, the odds ratio for S pneumoniae colonization was 5.8 during rhinovirus infection. It is noteworthy that in our study there was no difference in the rate of rhinovirus infections between children with wild type and variant MBL. We have earlier documented that infants with MBL polymorphisms have more than 2-fold increased risk to be colonized in the nasopharynx with S pneumoniae [26] . Our present findings are in accordance with an earlier study by Endeman et al in which MBL deficiency, in adults, was significantly associated with viral co-infection in community-acquired-pneumonia [40] . Furthermore, the frequency of MBL deficient genotype was higher in patients with pneumococcal pneumonia and viral (co)infection, but this association was not statistically significant. In that study, rhinovirus was not analyzed. Some in vitro studies have shown that rhinovirus can enhance the adherence of S pneumoniae to epithelial cells [11, 12] . A positive correlation between rhinovirus infection and M catarrhalis colonization has also been described [41] . In studies focusing on otitis media, nasopharyngeal colonization by S pneumoniae, H influenzae, or M catarrhalis is more frequently found during viral respiratory infections than in healthy children [38] . Rhinovirus was the most common viral agent in those studies, which were carried out in children less than 3 years of age. Effects of viruses on bacterial colonization have not been studied in very young infants earlier.We report here an effect of rhinovirus infection on pneumococcal colonization in infants with MBL variant. Furthermore, regardless of MBL gene polymorphisms, infants positive for HRV had an increased rate of M catarrhalis colonization and a decreased rate of S aureus colonization. These findings are consistent with synergism between rhinovirus and bacteria that are major causative agents of otitis media.
The mucosal immunity of the host plays an important role in the development of nasopharyngeal colonization. Epithelium of the respiratory tract provides a physical barrier but is also able to recognize various potential pathogens. Rhinovirus infection increases the expression of platelet-activating factor receptor, which acts as a receptor for S pneumoniae [11, 12] . This is one of the several possible mechanisms for the synergism between rhinovirus and S pneumoniae. Compromised MBL signaling in children with the variant genotype might affect the local immune response to rhinovirus in such a way that the conditions at the epithelium change to more favorable for binding of pneumococcus.
Unlike TLR4 that is expressed on the cell surface, TLR3 is expressed inside of cells. TLR3 polymorphism had no significant impact on viral-bacterial interaction, but an influence on colonization by S aureus was detected in stratified data. In children with wild-type TLR3 or TLR4, S aureus colonization was decreased during HRV infection, simultaneously with increased colonization by M catarrhalis. Negative associations between S aureus and S pneumoniae or H influenzae have been described in several studies [42] [43] [44] [45] .
In our study, S aureus was the most commonly colonizing bacterium at 2-3 months of age. S pneumoniae was detected in 14% of children. Similar rates of bacterial colonization have been shown previously [2, 3, 42, 46] . The number of infants positive for H influenzae was relatively small compared to other studies [3] . Different environmental and socioeconomic factors may influence bacterial colonization and the risk of respiratory infections. We found that colonization by S pneumoniae or M catarrhalis was common in infants with elder siblings. Children attending a daycare center or school may efficiently transmit both viruses and bacteria within the household.
Eighteen percent of infants had a rhinovirus infection at the time of sampling. Most of them had mild symptoms, usually cough or rhinorrhea, but some of the rhinovirus detections were from asymptomatic infants. This is in line with earlier studies, in which rhinoviruses are detected fairly often also in asymptomatic children [47, 48] . Asymptomatic rhinovirus infection detected by reverse transcriptase-PCR could be explained by preceding or incubating symptomatic infection, or by a truly asymptomatic infection. Long-term carriage of rhinovirus does not seem to occur in immunocompetent children.
Low number of subjects per group decreased the statistical power in some of our analyses. Furthermore, considering that multiple comparisons were made, any results with P values below but close to .05 should be interpreted cautiously. These facts should be recognized as limitations in this study. Our main findings were, however, highly significant.
Respiratory infections are a major cause of morbidity in children. In addition to environmental risk factors, genetic susceptibility probably explains why certain children have recurrent or severe respiratory infections. Genetic variations in the host may have specific effects on the viralbacterial interactions in the pathogenesis of these infections. An association between rhinovirus and pneumococcal infection has been documented earlier.
In this study, we demonstrated that the variant form of MBL might facilitate rhinovirus-induced pneumococcal colonization.
